Introduction {#sec1}
============

Water is an important and unique liquid exhibiting many different anomalies upon supercooling, such as a seemingly diverging isothermal compressibility, heat capacity, and expansion coefficient.^[@ref1],[@ref2]^ Explaining this anomalous behavior of water is a major challenge that has given rise to controversial discussions over decades.^[@ref3]−[@ref5]^ Experimental observations of two distinct amorphous states of ice and a first-order transition between them,^[@ref6]^ high- and low-density amorphous (HDA, LDA), and theoretical considerations^[@ref7]−[@ref9]^ have led to a picture of water as "two liquids".^[@ref3],[@ref10]^ In this picture, the local structure of ambient liquid water fluctuates between two distinct local molecular motifs.^[@ref2]^ One scenario suggests that liquid water can exist in two different forms in the metastable part of the phase diagram below the temperature of homogeneous ice nucleation, namely, high- and low-density liquid water (HDL and LDL),^[@ref7],[@ref8]^ with the coexistence line ending at the so-called second critical point. In this part of the phase region, experimental investigations of the two potential liquid states become extremely challenging due to crystallization. Experimentally better accessible are the two amorphous states of water HDA and LDA, which are believed to be the glassy counterparts of the two liquid states, but this issue is also controversially debated.^[@ref11]^ It should be noted that slight variations in properties within these two classes of amorphous ice may occur due to the sample history, as discussed below. For LDA-type ices, an experimental observation of a glass transition has been reported^[@ref12]^ for samples prepared through vapor deposition and through hyperquenching liquid water.^[@ref13],[@ref14]^ The onset glass transition temperature was observed at ∼136 K using calorimetric measurements, but the underlying nature of the observed increase in heat capacity at this temperature is still controversially discussed.^[@ref11]^

HDA ice was first discovered by Mishima et al.^[@ref6],[@ref15]^ by isothermal compression of hexagonal ice (Ih) at 77 K; the HDA resulting from this procedure is also called unannealed HDA (uHDA). uHDA has ∼20% higher density than LDA. Mishima found an "apparent first-order transition" between LDA and HDA upon compression and decompression.^[@ref6]^ Later, Loerting et al.^[@ref16]^ reported a third form of amorphous ice, made by isobaric heating of HDA above ∼0.8 GPa (up to 160 K). This new amorphous ice has ∼9% higher density than HDA and was therefore called very-high-density amorphous (VHDA) ice.^[@ref17]^ Extensive studies over the last years showed that through isothermal decompression of VHDA at 140 K^[@ref18],[@ref19]^ or by annealing uHDA at 0.2 GPa to 140 K^[@ref20]^ expanded- or sometimes also called equilibrated-high-density amorphous ice (eHDA) can be produced. eHDA was found to be of greater thermal stability than all other HDA ices.^[@ref18],[@ref20]^ A glass--liquid transition was found at ∼116 K for eHDA using different experimental techniques with minor differences in the transition temperature depending on the heating rate.^[@ref21]^ Some alternative interpretations to the proposed transition into HDL include an orientational glass transition.^[@ref22]^ Recently, diffusive dynamics were observed using coherent X-ray diffraction (X-ray photon correlation spectroscopy, XPCS) in the small-angle X-ray scattering (SAXS) geometry when warming HDA above 110 K. On the basis of XPCS and X-ray scattering, an apparent first-order transition into a LDL state was observed.^[@ref23]^

The structure of amorphous ices has been studied with neutron scattering^[@ref24]−[@ref31]^ and X-ray diffraction,^[@ref25],[@ref27],[@ref28],[@ref31]−[@ref33]^ obtaining both the structure factors and the pair-distribution functions (PDFs). Because neutron scattering is dominated by the lighter nuclei, it is most sensitive to the O--H (O--D) and H--H (D--D) interactions. X-rays on the other hand scatter from the electron density and are therefore most sensitive to the O--O and O--H interactions. The scattered intensity is measured as a function of momentum transfer *Q*, and the structure factor *S*(*Q*) can be derived. The structure factor is then Fourier transformed to obtain the PDF. To recover the OO, OH, and HH contributions from neutrons, measurements of three isotopes (H~2~O, HDO, and D~2~O) are required followed by various simulation methods to disentangle the pair-distributions.^[@ref29]^ From neutron scattering studies, it was found that the amorphous ice structures contain four-coordinated hydrogen-bonded networks with one additional interstitial molecule for HDA and two for VHDA.^[@ref17],[@ref30]^

The goal of the present study is to investigate the O--O PDFs for the amorphous ices LDA, eHDA, and VHDA with wide-angle X-ray scattering (WAXS) at liquid nitrogen temperature (*T* = 77 K) and ambient pressure. The oxygen--oxygen PDF is determined up to 23 Å for the different amorphous ices. The position of the first coordination shell is determined accurately due to the data going up to high momentum transfer (23 Å^--1^). The O--O PDFs of the amorphous ices are also compared to those of high-pressure crystalline ices and liquid water in order to investigate potential similarities in the local ordering. At short interatomic distances, similarities are observed between amorphous ices, crystalline ices, and liquid water structures, while in the intermediate range, the peaks in the PDFs of the amorphous ices are significantly broadened, making direct correspondence to the crystalline comparison less pronounced. It is essential to develop models of amorphous ices that can better describe these intermediate-range correlations.

Methods {#sec2}
=======

Experimental {#sec2.1}
------------

The measurements were performed at beamline 6 ID-D of the Advanced Photon Source (APS) with an X-ray photon energy of 100 keV and X-ray beam diameter of 0.5 mm. Scattering images were taken using a large 2D amorphous silicon area detector (Perkin-Elmer XRD1621). The *Q*-calibration was done using a cerium dioxide sample. The angular integration was performed by using FIT2D (V.17.006)^[@ref34]^ software where also polarization and geometrical corrections were taken into account.

As a sample environment we used a liquid N~2~-flow cryostat from JANIS, with housing equipped with two Kapton windows (50 μm thickness toward the X-ray and 75 μm toward the detector). The amorphous ice samples were crushed into powder and cold-loaded to the sample holder at liquid nitrogen temperature. In order to keep the sample in place, two Kapton windows (thicknesses of 50 μm) were used, and the effective sample thickness was ∼2 mm with a diameter of 10 mm. The X-ray scattering measurements were performed in vacuum at pressure *P* \< 1 × 10^--2^ mbar. All measurements shown in this paper were measured at liquid nitrogen temperature. Because the X-ray beam size is smaller than the diameter of the sample, between one and five positions within each sample were measured at liquid nitrogen temperature in order to retrieve better statistics and minimize beam-induced effects (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b04823/suppl_file/jp8b04823_si_001.pdf) for more information).

Sample Preparation {#sec2.2}
------------------

The amorphous ice samples were prepared at Stockholm University by compression, followed by decompression, heating, and annealing at elevated pressures and temperatures 77 \< *T* \< 160 K. A mechanical press (Zwick, Z100 TN) was used together with a steel cylinder with cylindrical pistons 10 mm in diameter. uHDA ice was made by pressurizing crystalline ice to 1.6 GPa at liquid nitrogen temperature.^[@ref6],[@ref20]^ The uHDA ice was subsequently heated up to 160 K at a constant pressure of 1.1 GPa in order to form VHDA ice. In the next step, VHDA was decompressed to 0.07 GPa at a constant temperature of 140 K,^[@ref19]^ which is slightly above the glass transition temperature (ultraviscous regime, visible in Figure 1 of ref ([@ref21])), to form eHDA ice.^[@ref18]^ Once the pressure of 0.07 GPa at 140 K was reached, the sample was cooled very rapidly to 77 K by immersion in liquid nitrogen (quench-recovered) to finally obtain eHDA at ambient pressure. If eHDA was instead decompressed further at 140 K to ambient pressure before quenching,^[@ref19],[@ref35]^ LDA-II was formed. The samples were stored and shipped at liquid nitrogen temperature. Note that within this paper all eHDA samples will be referred to as HDA and all LDA-II samples will be stated as LDA.

Analysis {#sec2.3}
--------

The diffraction ring patterns were angularly integrated in reciprocal space to obtain the intensity *I*(*Q)* as a function of momentum transfer *Q* = 4π sin(θ)/λ. The background, mainly caused by the Kapton windows, was measured with an empty sample holder and normalized to the sample measured at low *Q* and then used for subtraction (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The background was averaged from several independent background measurements at liquid nitrogen temperature. The next step was to normalize the *I*(*Q*) to the molecular form factor.^[@ref36]^ The PDFgetX2^[@ref37]^ software was used to retrieve corrections for self-absorption, oblique incidence, and detector efficiency. Multiple scattering was considered but found to have negligible effects on the PDF. The inelastic scattering was corrected for by subtracting the Compton scattering.^[@ref38]^

![Example of data treatment using an HDA sample. (A) Scaling of the background (blue) to the sample *I*(*Q*) (red). (B) *I*(*Q*) (red) shown after subtraction of the background (see A) and Compton scattering (blue) plotted together with the molecular form factor (green). (C) Comparison of total structure factor *S*(*Q*) (red) and the oxygen--oxygen interaction *S*~OO~(*Q*) (black). To visualize the differences at higher *Q*, *S*(*Q*) is multiplied by *Q*.](jp-2018-04823m_0001){#fig1}

The total structure factor was calculated by subtracting the molecular form factor FF(*Q*)^[@ref36]^ and applying a weighting function WF(*Q*) from the background-subtracted *I*(*Q*), as discussed in detail by Skinner et al.^[@ref38]^The weighting function was calculated by using the following expression^[@ref38]^where the modified atomic form factors^[@ref39]^ were calculated aswith scattering factors *a*~H~ = 0.5 and *a*~O~ = −1^[@ref40]^ and β = 2.0 Å^--2^,^[@ref38]^ where *z*~α~ is the number of protons on atom α.

By applying the molecular form factor,^[@ref36]^ all intramolecular interactions were subtracted. The total structure factor *S*(*Q*) contains information about the oxygen--oxygen (OO), oxygen--hydrogen (OH), and hydrogen--hydrogen (HH) partial structure factors. In order to calculate the oxygen--oxygen partial structure factor *S*~OO~(*Q*), the following expression was used^[@ref38]^*S*~OH~ obtained from oxygen isotope-substituted neutron scattering data for liquid water was used to subtract the OH contribution.^[@ref41],[@ref42]^ It has been shown that the detailed shape of the OH contribution is not that important.^[@ref38]^ ω~xx~ are element-specific weighting factors^[@ref38]^ calculated as ω~OO~ = *f*~O~^2^ × WF(*Q*)^−1^, ω~OH~ = 4*f*~O~*f*~H~ × *WF*(*Q*)^−1^, and ω~HH~ = 4*f*~H~^2^ × WF(*Q*)^−1^.

In order to find the PDF *g*~OO~(*r*), the Fourier transform of *S*~OO~(*Q*) was calculated aswith ρ being the number density. The function Δ(*r*) is an *r*-dependent averaging width used to reduce high-frequency noise without affecting the shape of the PDF,^[@ref43]^ as defined by Skinner et al.^[@ref43]^The constants used were *r*~1~ = 2.8 Å, *w*~1~ = 0.5 Å, and *w*~2~ = 12 Å. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the data treatment procedure after angular integration described by [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"} using HDA as an example.

In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, the scaling of the background to the sample is shown, which is done in order to subtract the background. In the next step, as seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, the data are normalized to the molecular form factor of water. The structure factor *S*(*Q*) is then retrieved by applying [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, the total structure factor *S*(*Q*) and the oxygen--oxygen, *S*~OO~(*Q*) are compared, whereas *S*~OO~(*Q*) is calculated as shown in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} with the OH contribution subtracted using the measurements on water by Zeidler et al.^[@ref41],[@ref42]^ The difference between *S*(*Q*) and *S*~OO~(*Q*) are mainly seen at low *Q* where the *S*~OO~(*Q*) has a higher amplitude.

Results and Discussion {#sec3}
======================

In this section, the structure factors and PDFs of the different samples are compared and the first peak positions are accurately determined due to the high *Q* measurements. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the structure factors *S*~OO~(*Q*) for the three different amorphous ices, namely LDA, HDA, and VHDA. It has been shown before that several substates of the three polyamorphs exist, with subtle differences in the structure but with large differences in thermal stability.^[@ref18],[@ref35]^ The samples that we chose for this study are discussed to be the most equilibrated states,^[@ref18],[@ref35]^ i.e., eHDA recovered from 0.07 GPa and 140 K and LDA-II obtained from eHDA at 140 K. VHDA (1.1 GPa/160 K) was obtained following a similar protocol as that for earlier studies.^[@ref17],[@ref29]^

![Structure factors at short and intermediate ranges for HDA (=eHDA), LDA (=LDA-II), and VHDA, averaged from individual runs within the same batch (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b04823/suppl_file/jp8b04823_si_001.pdf)). (A) First and second maximum in *S*(*Q*). (B) Full-range structure factor multiplied by *Q*. All data are averaged over five sample positions.](jp-2018-04823m_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A shows the first and second maxima in *S*~OO~(*Q*) for the amorphous ices. In order to find the positions of the first scattering maximum *Q*~1~ in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, the data points around the maximum were fitted by a Gaussian function (fixed width of 0.2 Å^--1^) with resulting maxima *Q*~1~(LDA) = 1.71 Å^--1^, *Q*~1~(HDA) = 2.14 Å^--1^, and *Q*~1~(VHDA) = 2.28 Å^--1^, which shows the difference between the three states and is consistent with values found earlier using X-ray and neutron scattering.^[@ref20],[@ref29],[@ref31],[@ref33],[@ref44]^ The position of the second maximum *Q*~2~ instead remains nearly constant for all three amorphous ices at around *Q*~2~ = 3.05 Å^--1^. The difference between *Q*~2~ and *Q*~1~ is larger for LDA compared to the HDA ices. This is consistent with measurements on supercooled water where it was shown that the increase in splitting of *Q*~2~ and *Q*~1~ is an indication of an increase of tetrahedral structures^[@ref45]^ and therefore is most pronounced in the LDA sample.

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, (*S*~OO~(*Q*) -- 1)*Q* is shown in order to emphasize the oscillations over the full momentum transfer range up to 23 Å^--1^. The *S*(*Q*) -- 1 converges at intermediate ranges toward zero. It is also seen that all three ice samples follow similar behavior at high *Q*, even though LDA shows a shift to higher *Q*, indicating a shorter first-shell distance. Another feature is the maximum at around 5 Å^--1^, which for LDA shows a shoulder at around 6 Å^--1^ (right side of the maximum), while VHDA has a shoulder at around 4 Å^--1^ (left side of the maximum) and HDA has no pronounced shoulder at all.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the oxygen--oxygen PDFs calculated from [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"} with different *r*-ranges plotted in separate panels to visualize the O--O correlation at higher *r*. For all ice forms, we can resolve nearly eight coordination shells due to the wide *Q* range in the measured *S*(*Q*). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A shows the first coordination shell; plotted data are averaged from individual runs within the same batch (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b04823/suppl_file/jp8b04823_si_001.pdf)). To calculate the peak positions, we used a Gaussian fitting (fixed width of 0.2 Å). The peak positions are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} together with the first coordination shell position standard deviation. For this calculation, we used all available data sets in order to account for errors caused by sample preparation and sample loading, with a total of 5 runs for LDA, 9 runs for VHDA, and 12 runs on four individual samples for HDA (for more details see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b04823/suppl_file/jp8b04823_si_001.pdf)).

![Partial distribution function for oxygen--oxygen interactions for LDA (blue, LDA-II), HDA (red, eHDA), and VHDA (green), averaged from individual runs within the same batch (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b04823/suppl_file/jp8b04823_si_001.pdf)). (A) First coordination shell. (B) Short-range correlations. (C) Intermediate-range correlations at 7--15 Å. (D) Intermediate-range correlations at 15--23 Å.](jp-2018-04823m_0003){#fig3}

###### First Coordination Shell Position of *g*~OO~(*r*) and Its Corresponding Standard Deviation (±) and Density[a](#tbl1-fn1){ref-type="table-fn"}

              LDA                      HDA                      VHDA
  ----------- ------------------------ ------------------------ ------------------------
  *r*~OO~     2.750 ± 0.002 Å          2.780 ± 0.005 Å          2.803 ± 0.003 Å
  density ρ   0.94^[@ref35]^ g/cm^3^   1.13^[@ref47]^ g/cm^3^   1.26^[@ref16]^ g/cm^3^

To obtain the peak position, all available datasets have been used, in total 5 runs on LDA-II (1 batch), 9 runs on VHDA (1 batch), and 12 runs on eHDA (4 individual batches). Details are given in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b04823/suppl_file/jp8b04823_si_001.pdf).

There is a clear shift in the position among LDA, HDA, and VHDA, where the distance to the first nearest oxygen neighbor increases from *r* = 2.750 Å for LDA to 2.803 Å for VHDA. This might not be intuitive when considering that by applying high pressure the average distance between water molecules should decrease but is consistent with the so-called density--distance paradox^[@ref46]^ where the distance is slightly longer for the high-density phases. The position of the first coordination shell in amorphous ices was previously estimated to be 2.77 (LDA), 2.82 (uHDA), and 2.85 (VHDA) based on Raman spectroscopy measurements.^[@ref16]^ Although the absolute values differ slightly, the general trend of increasing the first peak position is in good agreement with the values presented here. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, the first three coordination shells are shown; the peak at 4.5 Å defines the second coordination shell and is connected to the tetrahedrality of the hydrogen-bond network.^[@ref45]^ LDA (blue) shows the strongest enhancement at that position because it is fully tetrahedrally coordinated. For HDA (red), more interstitial molecules are present between the first and second coordination shells. VHDA (green) shows the smallest degree of tetrahedrality with a substantially increased number of interstitials between the first and second coordination shells. The peak corresponding to the third coordination shell at ∼6.5 Å moves to a shorter distance with increasing density, as seen by the shift to smaller *r* from LDA to HDA to VHDA. These observations are again consistent with earlier neutron scattering studies.^[@ref17],[@ref29],[@ref30]^ In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, the fourth coordination shell appears to be split in two contributions for HDA. The fourth shells for LDA and VHDA are slightly shifted, while the fifth coordination shell is at the same position even if LDA has a broader feature. LDA and VHDA seem to be in phase in the intermediate range. HDA on the other hand has its fourth coordination shell clearly shifted to longer distances but shows instead a very broad feature due to a double peak, which appears similarly in experimental liquid water at a temperature of 365.9 K (as discussed later). The fifth coordination shell for HDA is shifted to longer distances than that for LDA and VHDA. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D, the *g*~OO~(*r*) has been plotted up to 23 Å, and in this range, clear structures can be seen where VHDA and LDA have opposite periodicity.

![Running O--O coordination number of LDA (blue), HDA (red), and VHDA (green). (A) Short-range. (B) Full range.](jp-2018-04823m_0004){#fig4}

In order to determine the number of atoms as a function of distance *r*, the oxygen--oxygen running coordination number *n*~OO~(*r*) was calculated by integrating the PDF^[@ref29],[@ref35],[@ref43]^where ρ is the number density for the specific sample. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, the *n*~OO~(*r*) for LDA shows a plateau around four molecules that is due to the tetrahedral structure and lack of interstitials, as also seen previously by neutron scattering experiments on amorphous ices.^[@ref29]^ For HDA and VHDA, there is no plateau visible; instead, the running coordination number increases further due to the presence of interstitial molecules. In the same range as the plateau of LDA, VHDA has one more molecule than HDA, which can be related to the addition of a second interstitial molecule.^[@ref17]^ The coordination number 5 for HDA and 6 for VHDA is estimated in the range between *r* = 2 and 3.25 Å, which is fully consistent with earlier neutron scattering studies showing the same value in the range between 2.5 and 3.3 Å.^[@ref17],[@ref29],[@ref30]^ By doing the integration this way, one defines the size of the so-called first coordination shell to have a fixed range when comparing the different amorphous ices; this choice is somewhat arbitrary. However, it is worth noting that X-ray and neutron scattering measurements obtain the same coordination numbers when using the same procedure. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, the full range out to intermediate distances is shown with the expected density dependence.

Comparison with Crystalline Ices and Liquid Water {#sec3.1}
-------------------------------------------------

In this section, we discuss the relation of the amorphous ice structures to different crystalline ice phases as well as to liquid water. LDA is a low-pressure form and is thus compared with hexagonal ice because it is the stable form of ice at ambient pressure. Upon isobaric heating of HDA at a pressure of 0.51 GPa, it transforms into ice IX,^[@ref48]−[@ref50]^ which is a metastable high-pressure ice with similar density (1.16 g/cm^3^) as HDA (1.13 g/cm^3^). Recently, HDA has also been discussed to be a "derailed" state on the ice I to ice IV pathway.^[@ref51]^ Therefore, we compare HDA to both ice IX and ice IV. The metastable high-pressure ice XII can be formed by isobaric heating of HDA at a pressure of 0.81 GPa up to 183 K and has a density of 1.30 g/cm^3^ and is therefore most similar to VHDA.^[@ref52]−[@ref55]^ The PDFs of the crystalline ices shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} were calculated from their lattice parameters,^[@ref56]−[@ref58]^ where the initial unit cells were expanded to reach intermediate distances for calculating the PDF. In addition, disorder was introduced by random displacements assuming a Gaussian distribution with width 0.08 Å (based on the reported mean-square displacement for ice Ih^[@ref59]^), resulting in broadening, similar to previous approaches.^[@ref28]^

![Oxygen--oxygen distribution function of amorphous ice (solid line) compared with crystalline ice (dashed) calculated from structure models. (A,B) LDA and hexagonal ice. (C,D) HDA, ice IX, and ice IV. (E,F) VHDA and ice XII. In panels (B), (D), and (F), the crystalline data are scaled by a factor of 1/3 and shifted upward by 0.7 for better comparison.](jp-2018-04823m_0005){#fig5}

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, the short-range PDF comparison shows that both LDA and hexagonal ice exhibit first and second coordination shells in the same range, but the third and fourth maxima caused by hexagonal geometries are not as clear in LDA due to potential contributions of other local structures than six-member rings. At longer distances shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, the LDA maximum at ∼9 Å is shifted from the pronounced maximum observed for hexagonal ice at ∼7.5 Å. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, HDA is compared to ice IX and ice IV. The first coordination shell in HDA is slightly shifted to larger distances and distinctly broadened compared to ice IX, reflecting a large degree of disorder in the amorphous state. Both HDA and ice IX exhibit interstitial water molecules located between the first and second coordination shells. Ice IV instead shows an additional peak at 3.2 Å where HDA and ice IX have a minimum in *g*(*r*) between the first and second shells. The third coordination shell of HDA is at the same position as the fourth coordination shell of ice IX. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D, ice IX shows a maximum of ∼7.5 Å where HDA has a minimum. Ice IV and IX show three maxima in the range of 9--11 Å where the fourth coordination shell of HDA shows a double-peak feature. At longer distances, the two crystalline states become more similar, while the PDF of HDA broadens even more. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E, it is evident that the interstitials for ice XII are at an even shorter distance, which is most similar to VHDA. There is a maximum at 6 Å, which is also seen in VHDA. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}F, the two peaks for ice XII at 8--10 Å are underlying a broad maximum in VHDA. Therefore, we observe that all intermediate ranges plotted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B,D,F show pronounced differences between the crystalline and amorphous ices due to the large degree of disorder in the amorphous states. However, the broad features in the amorphous states could be interpreted as broadening of the crystalline peaks. Thus, we conclude that local structural similarities between ice phases and amorphous states are found up to a length scale of about 8 Å, while beyond that the peaks in the amorphous ice PDFs are significantly broadened but exhibit intensity at similar distances as the crystalline comparisons.

In the case of liquid water, it has been proposed that warm water is more of high-density structure in terms of higher coordination shells, while upon cooling low-density structures appear as fluctuations^[@ref2]^ that are further enhanced upon supercooling.^[@ref45],[@ref60]^ The liquid counterparts to the amorphous HDA and LDA are discussed to be HDL and LDL, respectively.^[@ref2]^ The intermediate-range correlations of HDL- and LDL-like water derived at different temperatures was studied previously based on X-ray scattering and molecular dynamics simulations^[@ref61]^ and are compared to the amorphous ices in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Liquid water comparison with LDA and HDA. (A) Structure factor. (B) Short-range PDF. (C) Intermediate-range PDF. At short range, the liquid water data was multiplied by 3 and at intermediate range the liquid water was multiplied by 5 in order to magnify the structures for better visibility.](jp-2018-04823m_0006){#fig6}

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, the *S*~OO~(*Q*) is shown for LDA (blue line) and liquid water at 254.1 K (blue dashed). Here we emphasize the splitting between the first and second diffraction peaks *Q*~1~ and *Q*~2~, which appears less pronounced for water at higher temperatures (365.9 K, red dashed) and also for HDA (red line). Upon supercooling water, the first diffraction peak shifts toward the LDA position, as seen previously in the deeply supercooled region.^[@ref45]^ In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, the radial distribution functions *g*~OO~(*r*) are shown for all amorphous and liquid states, where the curves for liquid water are magnified by a factor of 3 for better comparison. It can be seen that, up to distances of around 10 Å, the O--O PDF of LDA is similar to that of liquid water at supercooled temperatures. HDA and liquid water at warm temperatures also show similarity; however, it is less pronounced in the first and second shells (\<6 Å), but they agree astonishingly well in the intermediate range of 7 \< *r* \< 15 Å ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C, the data for liquid water are multiplied by a factor of 5, which makes it clearer that the broad feature at around 9--10 Å seen for HDA is similar to that for liquid water at a temperature of 365.9 K. Comparing instead LDA and liquid water at 254.1 K at intermediate ranges, the maximum at around 8.5 Å for liquid water is shifted to slightly longer distances, while for peaks at longer distance, the differences become larger.

VHDA is produced at a very high pressure of 1.1 GPa and resembles the amorphous ices of highest density; therefore, it is compared in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} with experimental data of high-pressure liquid water from Skinner et al.^[@ref62]^ The high-pressure liquid water data are obtained at ambient temperature where the water sample was 2.5 mm thick and confined between two single-crystal diamond windows.^[@ref62]^

![Comparison of experimental high-pressure liquid water from Skinner et al.^[@ref62]^ with HDA data. (A) Structure factor. (B) Short-range PDF. (C) Intermediate-range PDF.](jp-2018-04823m_0007){#fig7}

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A, the structure factor *S*~OO~(*Q*) is shown for the first two diffraction peaks for high-pressure water at 362 MPa (black dashed), HDA (red), and VHDA (green). The *Q*~1~ position for high-pressure water lies between that of HDA and VHDA, whereas *Q*~2~ is shifted to a smaller value. The difference between *Q*~1~ and *Q*~2~ in high-pressure water is thus smaller, indicating a less tetrahedral structure. In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, we compare the pair-correlation function *g*(*r*) of high-pressure water with that of HDA and VHDA, where the water data are additionally plotted magnified by a factor of 3 for comparison. The first coordination shell is at about the same position as that for HDA and VHDA. Skinner et al.^[@ref62]^ compared ambient water with high-pressure water, showing large structural differences in the region above 3 Å associated with the collapse of the well-defined second shell and shifting of higher shells to shorter distances with pressure. This is also visible in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B; the second coordination shell is not distinct for the high-pressure water, which is consistent with HDA and, in particular, VHDA, having interstitial positions occupied between the first and second coordination shells. In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C, the high-pressure water data at intermediate ranges (5.5 \< *r* \< 15 Å) is similar to that of VHDA but shifted to longer distances. When comparing to HDA, the maximum at around 6 Å is at the same position, but the broad feature seen for HDA at around 9--10 Å was not seen for the high-pressure data. The maximum in HDA at around 12.5 Å overlaps with the high-pressure data. In general, we conclude that the PDF of liquid water at high pressures shows similarities with both VHDA and HDA ices but is quite distinct from LDA.

Conclusions {#sec4}
===========

In this study, intermediate-range correlations are determined for the amorphous ices LDA, HDA, and VHDA up to distances of *r* = 23 Å. The different amorphous ice forms are also compared to crystalline ices and liquid water at different pressures and temperatures. The O--O PDF of LDA ice exhibits the strongest enhancement at *r* = 4.5 Å because it is tetrahedrally coordinated, whereas HDA and VHDA exhibit increased presence of interstitial molecules between the first and second coordination shells. On the other hand, at intermediate ranges (7--12 Å), the PDFs of LDA and VHDA are similar, while that of HDA is very different with a distinct feature at around ∼9--10 Å, which is also seen for liquid water at 365.9 K. In the range of 15--23 Å, the PDFs of VHDA and LDA appear out of phase, contrary to HDA and LDA, which exhibit similar ordering. Comparison of the amorphous forms LDA, HDA, and VHDA with crystalline ices Ih, IV, IX, and XII indicates that, even though the crystalline forms are similar to the corresponding amorphous ices at shorter distances (first and second coordination shell), the intermediate regime is significantly broadened due to the disorder in the amorphous states. On the other hand, comparison with liquid water in the supercooled regime or at elevated pressures exhibits much better qualitative agreement with the respective amorphous ice forms. In supercooled water at 254.1 K, fluctuations into low-density local structures are significant,^[@ref45],[@ref60]^ while hot water is more of a high-density structure. From the comparison, we can conclude that the corresponding local structures are similar to the respective amorphous ices up to around 10 Å. High-pressure liquid water on the other hand is structurally most similar to HDA and VHDA.

As already discussed in the [Introduction](#sec1){ref-type="other"} of this paper, the nature of the amorphous ices has been discussed controversially for decades.^[@ref3]−[@ref5]^ On one hand, the amorphous ices are proposed to be the glassy counterparts of two distinct liquid states, i.e., LDL and HDL.^[@ref3],[@ref6],[@ref8]^ On the other hand, amorphous ices, in particular, those coming from HDA as the starting material, are discussed to be a collapsed crystal^[@ref63],[@ref64]^ and of nanocrystalline nature^[@ref65]^ or rather a derailed crystalline state.^[@ref51]^ Although the increase in heat capacity observed in calorimetric studies has been interpreted as a glass-to-liquid transition,^[@ref21]^ others discuss this experimental observation as reorientational dynamics in the solid state.^[@ref22]^ However, in the present study, we cannot draw direct conclusions about the dynamics in the amorphous ices because we exclusively look at the structural data using WAXS. Still it is worth comparing the structural data of the amorphous ices with those of different crystalline phases as well as liquid water at different temperatures.^[@ref30]^

In an earlier study, Guthrie et al.^[@ref28]^ compared different HDA ices with the high-pressure crystalline ices XII and VI. The authors concluded that VHDA is not a nanocrystalline ice form, but still, there are similarities to ice XII and VI in their short-range structure. The results of the present study are in agreement with these earlier conclusions in that our comparison with crystalline ices finds most similarities between LDA and hexagonal ice, HDA and ice IX, and VHDA and ice XII below 8 Å. Above 8 Å, the peaks in the PDFs of the amorphous ices become significantly broadened, and hence, the potential structural similarity between amorphous and crystalline ices becomes less evident. As expected, the amorphous ices lack long-range order in contrast to crystalline ices. In order to understand which local structures exist in amorphous ice, improved simulation models will be valuable.
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